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structure, (1) an ntermediate layer applied to the inner
major surface of the substrate, and (111) an elongate discon-
tinuity disposed at one or more corners of the substrate, each
of which operates to reduce catastrophic failures in the
substrate resulting from a dynamic sharp impact to the outer
major surface of the substrate.
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METHODS AND APPARATUS FOR
IMPROVING RELIABILITY OF COVER

SUBSTRATE AGAINST IMPACT
FRACTURES

This application 1s a national stage entry of International
Patent Application Serial No. PCT/US15/56793 filed on
Oct. 22, 2013, which claims the benefit of priority under 35
US.C. § 119 of U.S. Provisional Application Ser. No.
62/169,239 filed on Jun. 1, 2015 and U.S. Provisional
Application Ser. No. 62/067,045 filed on Oct. 22, 2014 the
content of which 1s relied upon and incorporated herein by
reference 1n its entirety.

BACKGROUND

The present disclosure relates to methods and apparatus
for improving reliability of a cover substrate against impact
fractures, for example, for substrates including glass sub-
strates, crystalline substrates, single crystal substrates, glass
ceramic substrates, etc.

Many consumer and commercial products employ a sheet
of high-quality cover glass to protect critical devices within
the product, provide a user interface for input and/or display,
and/or many other functions. For example, mobile devices,
such as smart phones, mp3 players, computer tablets, etc.,
often employ one or more sheets of high strength glass on
the product to both protect the product and achieve the
aforementioned user interface. In 2013, more than 1 billion
smartphones were shipped worldwide, which represented a
40% 1ncrease from the previous year. Some have predicted
that 1.7 billion smartphones will be shipped 1n 2017.

In the above-noted applications, as well as others, the
glass 1s preferably durable (e.g., scratch resistant and frac-
ture resistant), transparent, and/or antireflective. Indeed, 1n a
smart phone and/or tablet application, the cover glass 1s
often the primary interface for user input and display, which
means that the cover glass would preferably exhibit high
durability and high optical performance characteristics.
Among the evidence that the cover glass on a product may
manifest exposure to harsh operating conditions, fractures
(e.g., cracks) and scratches are probably the most common.
Such evidence suggests that sharp contact, single-event
damage 1s the primary source of wvisible cracks (and/or
scratches) on cover glass 1 mobile products. Since 2007,
some have estimated that damaged smartphones have cost
consumers 1n America about 5.9 billion dollars, where 76%
of such damage was caused by dropping the smartphone to
the ground.

Once a significant crack or scratch mars the cover glass of
a user mput/display element, the appearance of the product
1s degraded and the resultant increase 1n light scattering may
cause significant reduction 1n the performance of the display.
Significant cracks and/or scratches can also aflect the accu-
racy and reliability of touch sensitive displays. As a single
severe crack and/or scratch, and/or a number ol moderate
cracks and/or scratches, are both unsightly and can signifi-
cantly aflect product performance, they are often the leading
complaint of customers, especially for mobile devices such
as smart phones and/or tablets.

In order to reduce the likelihood of cracking and/or
scratching the cover glass of a product, 1t has been proposed
to 1ncrease the hardness of the cover glass to about 15 GPa
or higher. One approach to increasing the hardness of a
grven glass substrate 1s to apply a film coating or layer to the
glass substrate to produce a composite structure that exhibits
a higher hardness as compared to the bare glass substrate.
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For example, a diamond-like carbon coating may be applied
to a glass substrate to improve hardness characteristics of the

composite structure. Indeed, diamond exhibits a hardness of
100 GPa; however, such matenal 1s used sparingly due to
high material costs. Further, although a coating on a glass
substrate may improve the hardness of the structure, and
thereby improve the resistance to cracks and/or scratches, 1t
has been discovered that the coating may degrade other
characteristics of the substrate, such as the flexural strength
of the glass substrate and/or the strain to failure of the glass
substrate. The reduction in the strength and/or strain to
fallure of the glass substrate may manifest in a higher
susceptibility to cracks, particularly deep cracks.
Accordingly, there are needs 1n the art for new methods
and apparatus for achieving high hardness coatings on
substrates, such as glass substrates, crystalline substrates,
single crystal substrates, glass ceramic substrates, etc., and
to avoid failure of the substrates in the even of an 1mpact.

SUMMARY

For purposes of discussion, the disclosure herein may
often refer to methodologies and apparatus imnvolving cover
substrates formed from glass; however, skilled artisans will
realize that the methodologies and apparatus herein apply to
substrates of numerous kinds, including glass substrates,
crystalline substrates, single crystal substrates, glass ceramic
substrates, other materials subject to sharp contact failures,
etc.

By way of example, a substrate may be formed from an
oxide glass, such as Gorilla® Glass, which 1s available from
Corning Incorporated, and which has been widely used as a
cover glass 1n the above-noted consumer electronics prod-
ucts. Such glass 1s used 1n applications where the strength
and/or strain to failure of conventional glass are insuflicient
to achieve desired performance levels. Gorilla® Glass 1s
manufactured by chemical strengthening (1on exchange) in
order to achieve high levels of strength while maintaining
desirable optical characteristics (such as high transmaission,
low retlectivity, and suitable refractive index). Glass com-
positions that are suitable for ion-exchange include alkali
aluminosilicate glasses or alkali aluminoborosilicate
glasses, although other glass compositions are possible. Ion
exchange (IX) techniques can produce high levels of com-
pressive stress in the treated glass and are suitable for thin
glass substrates.

Despite 1ts high strength and/or strain to failure, Gorilla®
(Glass has been found to fracture when subjected to drops to
the ground. For example, with reference to FIG. 1, a
consumer device 10 (such as a smartphone) may include a
cover substrate 102 on at least one major side thereof. The
cover substrate 102 may be formed from any number of
materials, including glass substrates, crystalline substrates,
single crystal substrates, glass ceramic substrates, etc. As
noted above, a major cause of fracture of the cover substrate
102 1s a ground strike. FIG. 2 1s an illustration of the feature
s1ze of a hard ground surface (such as granite), which may
exhibit 10 mm in-plane feature sizes and peaks of several
hundred micrometers. Drops to the ground may cause failure
in the glass substrate 102 when some portion of the device
10, especially the cover substrate 102, strikes the ground.

It has been discovered that there are two major failure
modes of the cover substrate 102, such as a glass substrate,
when the device 10 drops to the ground. The first failure
mode 1s flexure failure, caused by significant bending of the
cover substrate 102 when the device 10 1s subjected to a
dynamic load caused by impact with the ground. Notably,
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some glass substrates exhibiting high flexural strength, such
as the aforementioned Gorilla® Glass, may be resistant to
fractures caused by the flexure failure mode. Indeed, the 10n
exchange technique used 1n producing Gorilla® Glass
results 1n compressive stress on the surface of the glass and
therefore resists flexure failures.

The second failure mode 1nvolves sharp contact failures,
caused by a sharp indentation on a surface of the cover
substrate 102 when 1t impacts the ground. For example, 1n
the case of a glass substrate 102, while Gorlla® Glass may
exhibit improved resistance to flexure failure, dynamic sharp
contact failures are still problematic as such failures are
characterized by very high stress concentrations caused by
local indentation from the contact object. It has been dis-
covered that among reported cover glass failures resulting
from device 10 drops, 92% of the damage to a glass substrate
102 15 caused by sharp contact failures. In addition, among
these sharp contact failures, most were caused by impacts to
the edges and/or corners of the glass substrate 102.

The disclosure herein addresses the problem of sharp
contact failures in different ways, which may be used
independently or 1n combination.

One technique 1s to partially coat an outer surface of the
cover substrate 102 1n order to increase resistance to, and/or
the eflects of, sharp contact failures. This technique involves
applying the coating only to certain areas of the cover
substrate 102, such as only to edge areas and/or corner areas
of the cover substrate 102 (where the probability of sharp
contact 1s relatively high) and leaving a relatively large
central area of the outer surface of the cover substrate 102
uncoated. The limitation on the surface area of the cover
substrate 102 that 1s coated mitigates the reduction 1n
flexural strength characteristics of the cover substrate 102
that would otherwise result from coating the entire outer
surface of the cover substrate 102. As will be discussed 1n
greater detail herein, the coating may be transparent, energy
absorbing, plastically deformable, and/or ultra-hard, where
the specific properties of the coating (e.g., energy absorbing,
plastically deformable, or ultra-hard) may eflect a reduction
in the failure probability of the cover substrate 102 1n
different ways.

Said another way, the partial coating technique may result
in an apparatus that includes a cover substrate 102 having
inner and outer major surfaces spaced apart from one
another, a plurality of edge surfaces spanming between
respective peripheral edges of the mner and outer major
surfaces, and a plurality of corner surfaces spanning between
the respective peripheral edges of the mner and outer major
surfaces and between adjacent ones of the edge surfaces.
The apparatus may also include a coating applied over a
limited area of the outer major surface of the cover substrate
to produce a composite structure, the limited area being less
than a total area of the outer major surface, where the coating,
operates to mitigate damage to the cover substrate from
dynamic sharp impact to the outer major surface. In some
embodiments, the coating absorbs kinetic energy from an
impact. The limited area may include at least one edge area
spanning between the peripheral edge and a first predeter-
mined distance toward a central region of the outer major
surface of the cover substrate. Additionally and/or alterna-
tively, the limited area may include at least one corner area
extending adjacent to at least one respective corner surface
and spanning between the peripheral edge and a second
predetermined distance toward a central region of the outer
major surface of the cover substrate.

Another technique to address the problem of sharp contact
tailures 1s to provide one or more mechanisms to partition
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the cover substrate 102 1n one or more strategic locations in
order to 1solate fracturing, mitigate crack propagation, and

prevent fracturing of especially central areas of the cover
substrate 102. Thus, even 11 the device 10 1s dropped and a
sharp 1impact failure mnitiates at, for example, a corner of the
cover substrate 102, the partitioning would result 1n the
arrest of any crack propagation toward and/or into the
central area of the cover substrate 102. Due to the geometry
of many devices 10, the corners of the cover substrate 102
are regions i which sharp impact failures are likely to
initiate. Thus, strategic location of the partitioning mecha-
nisms may result in preventing the propagation of cracks
from the corners 1nto the central areas of the cover substrate
102—and therefore improve the drop characteristics of the
device 10 from the user’s perspective.

Said another way, the 1solation technique may result 1n an
apparatus that includes a cover substrate 102 having 1nner
and outer major surfaces spaced apart from one another, a
plurality of edge surfaces spanning between respective
peripheral edges of the mner and outer major surfaces, and
a plurality of corner surfaces spanning between the respec-
tive peripheral edges of the inner and outer major surfaces
and between adjacent ones of the edge surfaces. The appa-
ratus may also include a first elongate discontinuity having
a proximal end and a distal end, the proximal end being
located at, or adjacent to, a first of the plurality of edge
surfaces, and the distal end being located at, or adjacent to,
a second of the plurality of edge surfaces, adjacent to the first
of the plurality of edge surfaces, such that the first elongate
discontinuity 1s disposed 1n proximity to a first of the corner
surfaces of the cover substrate. The first elongate disconti-
nuity may operate to interrupt crack propagation resulting
from a dynamic sharp impact to the outer major surface of
the cover substrate originating between the peripheral edge
and the first elongate discontinuity. Additionally and/or
alternatively, the first elongate discontinuity may operate to
direct the crack propagation toward at least one of the first
and second edge surfaces. Additionally and/or alternatively,
the first elongate discontinuity may operate to mitigate crack
propagation across the first elongate discontinuity toward a
central region of the outer major surface of the cover
substrate.

Another technique to address the problem of sharp contact
failures 1s to provide an intermediate layer, such as an
adhesive layer or coating, between the cover substrate and a
body of the device on which the cover substrate 1s con-
nected. The characteristics of the intermediate layer include
the ability to absorb kinetic energy resulting from an impact
to the cover substrate and reduce the likelihood of a failure.

Other aspects, features, and advantages will be apparent
to one skilled in the art from the description herein taken in
conjunction with the accompanying drawings.

DESCRIPTION OF THE DRAWINGS

For the purposes of illustration, there are forms shown 1n
the drawings that are presently preferred, 1t being under-
stood, however, that the embodiments disclosed and
described herein are not limited to the precise arrangements
and 1nstrumentalities shown.

FIG. 1 1s a schematic illustration of a consumer device
having a cover substrate, such as a glass substrate;

FIG. 2 1s an 1llustration of feature sizes of a hard ground
surface (such as granite) on which the device of F1G. 1 might
come 1nto contact:

FIG. 3 1s a schematic illustration of a cover substrate
suitable for use 1n the consumer device of FIG. 1;



US 10,590,032 B2

S

FIG. 4 1s a schematic illustration of the cover substrate of
FIG. 3 that has been partially coated 1n accordance with one

or more embodiments herein;

FIG. 5 1s a schematic view of an uncoated cover substrate
being subject to a coating process 1n order to form a partial
coating on a surface of the cover substrate;

FIG. 6 1s a schematic i1llustration of a cover substrate that
includes one or more 1solation mechanisms for mitigating
crack propagation after initiation of a sharp impact failure;

FIG. 7 1s a cross-sectional view of one or more embodi-
ments of an 1solation mechanism suitable for use 1n the cover
substrate of FIG. 6;

FIG. 8 1s a cross-sectional view of one or more further
embodiments of an i1solation mechanism suitable for use 1n
the cover substrate of FIG. 6;

FIG. 9 1s a cross-sectional view of one or more embodi-
ments of an energy absorbing intermediate layer applied
between a cover substrate and a body of a device;

FIG. 10 1s an 1llustration of certain details of one or more
embodiments of the energy absorbing intermediate layer
suitable for use 1n the embodiments 1llustrated in FI1G. 9;

FIG. 11 1s an 1illustration of alternative details of one or
more embodiments of the energy absorbing intermediate
layer suitable for use 1n the embodiments 1llustrated in FIG.
9

FIG. 12 1s a cross-sectional view of one or more embodi-
ments of an energy absorbing coating applied to an outer
surface of a cover substrate of a device; and

FIG. 13 1s a cross-sectional view of one or more embodi-
ments of an alternative energy absorbing coating applied to
an outer surface of a cover substrate of a device.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1

As noted above, the disclosure herein addresses the prob-
lem of sharp contact failures 1n a cover substrate 102 by
application of a partial coating and/or by way of 1solating
crack propagation after such has initiated. For purposes of
discussion, the embodiments discussed below refer to a
cover substrate 102 formed from glass, which 1s a preferred
matenal. It 1s noted, however, that the embodiments may
employ different materials to implement the cover substrate
102, such as crystalline substrates, single crystal substrates,
glass ceramic substrates, other materials subject to sharp
contact failures, etc.

Details of Glass Substrate

In connection with discussing solutions to the problem of
sharp contact failures in a glass substrate 102, some back-
ground detail concerning the glass substrate 102 1s believed
to be beneficial. In this regard, reference 1s made to FIG. 3,
which 1s a schematic illustration of a glass substrate 102
suitable for use 1n the consumer device 10 of FIG. 1 (and/or
any of the other devices noted herein).

As concerns geometric characteristics, the illustrated
examples presented herein will focus on a substantially
planar structure, although other embodiments may employ a
curved or otherwise shaped or sculpted glass substrate 102.
Additionally or alternatively, the thickness of the glass
substrate 102 may vary, for aesthetic and/or functional
reasons, such as employing a higher thickness at edges of the
glass substrate 102 as compared with more central regions.

With reference to FIG. 3, the glass substrate 102 may
include mner and outer major surfaces 110, 112 that are
spaced apart from one another. Each of the inner and outer
major surfaces 110, 112 may include a respective peripheral
edge 110-1, 112-1 defining an outer contour or shape of the
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glass substrate 102. In the illustrated example, the outer
contour of the glass substrate 102 1s often employed 1n
manufacturing smartphones and the respective peripheral
edges 110-1, 112-1 are characterized by a pair of opposing
(and relatively long) lateral edge segments, a pair of oppos-
ing (and relatively short) lateral edge segments, and four
rounded corner segments. The glass substrate 102 may also
include a plurality of edge surfaces 114, each spanning
between respective peripheral edges 110-1, 112-1 of the
inner and outer major surfaces 110, 112. In the 1illustrated
example, edge surfaces 114-1 and 114-3 span between the
relatively short lateral edge segments of the peripheral edges
110-1, 112-1, and edge surfaces 114-2 and 114-4 span
between the relatively long lateral edge segments of the
peripheral edges 110-1, 112-1. In addition, the glass sub-
strate 102 may also include a plurality of comer surfaces
116, cach spanning between the respective peripheral edges
110-1, 112-1 of the inner and outer major surfaces 110, 112,
and each spanning between adjacent ones of the edge
surfaces 114. In the 1llustrated example, a first corner surface
116-1 may span between the peripheral edges 110-1, 112-1
at a cormner where adjacent edge surfaces 114-1 and 114-2
come together. Similarly, a second corner surface 116-2 may
span between the peripheral edges 110-1, 112-1 at another
corner where adjacent edge surfaces 114-2 and 114-3 come
together. Further, a third comer surface 116-3 spans between
the peripheral edges 110-1, 112-1 at still another corner
where adjacent edge surfaces 114-3 and 114-4 come
together, and a fourth corner surface 116-4 spans between
the peripheral edges 110-1, 112-1 at still another corner
where adjacent edge surfaces 114-4 and 114-1 come
together.

As concerns material characteristics, the glass substrate
102 may be formed from non-ion exchanged glass or ion
exchanged glass.

With respect to the glass substrate 102 being formed from
ion exchanged glass, one may consider that such a substrate
1s formed from 10on exchangeable glass, specifically a con-
ventional glass material that 1s enhanced by chemical
strengthening (lon exchange, 1X). As used herein, “ion
exchangeable” means that a glass 1s capable of exchanging
cations located at or near the surface of the glass with cations
of the same valence that are either larger or smaller 1n size.
As noted above, one such 10n exchangeable glass 1s Corning
Gonlla® Glass available from Corning Incorporated.

Any number of specific glass compositions may be
employed 1n providing the raw glass substrate 102. For
example, 1on-exchangeable glasses that are suitable for use
in the embodiments herein include alkali aluminosilicate
glasses or alkali aluminoborosilicate glasses, though other
glass compositions are contemplated.

For example, a suitable glass composition comprises
S10,, B,O; and Na,O, where (S10,+B,0,)=66 mol. %, and
Na,O=9 mol. %. In an embodiment, the glass sheets include
at least 6 mol. % aluminum oxide. In a further embodiment,
a glass sheet includes one or more alkaline earth oxides,
such that a content of alkaline earth oxides 1s at least 5 mol.
%. Suitable glass compositions, 1n some embodiments,
further comprise at least one of K,O, MgO, and CaO. In a
particular embodiment, the glass can comprise 61-75 mol. %
S10,; 7-15 mol. % Al,O,; 0-12 mol. % B,O,; 9-21 mol. %
Na,O; 0-4 mol. % K,O; 0-7 mol. % MgQO; and 0-3 mol. %
CaO.

A turther example glass composition suitable for forming
hybrid glass laminates comprises: 60-70 mol. % S10,; 6-14
mol. % Al,O,; 0-15 mol. % B,0;; 0-15 mol. % L1,0; 0-20
mol. % Na,O; 0-10 mol. % K,O; 0-8 mol. % MgO; 0-10
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mol. % CaQO; 0-5 mol. % ZrO,; 0-1 mol. % SnO,; 0-1 mol.
% CeO,; less than 50 ppm As,O,; and less than 50 ppm
Sb,0,; where 12 mol. %=(L1,0+Na,O0+K,0) 20 mol. %
and 0 mol. %=(MgO+Ca0)=<10 mol. %.

A still further example glass composition comprises:
63.5-66.5 mol. % S10,; 8-12 mol. % Al,O5; 0-3 mol. %
B,O;; 0-5 mol. % L1,0; 8-18 mol. % Na,O; 0-5 mol. %
K,O; 1-7 mol. % MgQO; 0-2.5 mol. % CaO; 0-3 mol. % ZrO.;
0.05-0.25 mol. % SnO,; 0.05-0.5 mol. % CeO,; less than 50
ppm As,O,; and less than 50 ppm Sb,O,; where 14 mol.
%=(L1,0+Na,0+K,0)=18 mol. % and 2 mol. % (MgO+
Ca0)="7 mol. %.

In another embodiment, an alkali aluminosilicate glass
comprises, consists essentially of, or consists of: 61-75 mol.
% S10,; 7-15 mol. % Al,O5; 0-12 mol. % B,0O;; 9-21 mol.
% Na,O; 0-4 mol. % K,O; 0-7 mol. % MgO; and 0-3 mol.
% CaO.

In a particular embodiment, an alkali aluminosilicate
glass comprises alumina, at least one alkali metal and, 1n
some embodiments, greater than 50 mol. % S10,, in other
embodiments at least 58 mol. % S10,, and 1n still other
embodiments at least 60 mol. % S10,, wherein the ratio

Al,Oz + B,0O;
>, modifers

> ],

where 1n the ratio the components are expressed in mol. %
and the modifiers are alkali metal oxides. This glass, 1n
particular embodiments, comprises, consists essentially of,

or consists of: 58-72 mol. % S10,; 9-17 mol. % Al,O;; 2-12
mol. % B,0;; 8-16 mol. % Na,O; and 0-4 mol. % K,O,
wherein the ratio

Al,Oz + B,0O; o1
>, modifers

In yet another embodiment, an alkali aluminosilicate glass
substrate comprises, consists essentially of, or consists of:
60-70 mol. % S10,; 6-14 mol. % Al,O,; 0-15 mol. % B,Oj;;
0-15 mol. % Li1,0; 0-20 mol. % Na,O; 0-10 mol. % K,O;
0-8 mol. % MgO; 0-10 mol. % CaO; 0-5 mol. % ZrO,; 0-1
mol. % SnO,; 0-1 mol. % CeO,; less than 350 ppm As,O;;
and less than 50 ppm Sb,0O,; wherein 12 mol. % L1,0+
Na,O+K,O 20 mol. % and 0 mol. %=MgO+Ca0O=<10 mol.
%.

In still another embodiment, an alkali aluminosilicate
glass comprises, consists essentially of, or consists of: 64-68
mol. % $10,; 12-16 mol. % Na,O; 8-12 mol. % Al,O;; 0-3
mol. % B,O,; 2-5 mol. % K,O; 4-6 mol. % MgO; and 0-5
mol. % CaO, wherein: 66 mol. %=510,+B,0,+Ca0=69
mol. %; Na,O+K,O0+B,0;+MgO+Ca0O+SrO>10 mol. %; 5
mol. %=MgO+Ca0O+SrO=8 mol. %; (Na,O+B,0,)=
Al,O,=2 mol. %; 2 mol. %=Na,O=<Al,0,<6 mol. %; and 4
mol. %=(Na,O+K,0)=Al,0,=10 mol. %.

As to the specific process of exchanging ions at the
surface of the raw glass substrate 102, 1on exchange 1s
carried out by immersion of the raw glass substrate 102 into
a molten salt bath for a predetermined period of time, where
ions within the raw glass substrate 102 at or near the surface
thereol are exchanged for larger metal 10ns, for example,
from the salt bath. The raw glass substrate may be immersed
into the molten salt bath at a temperature within the range of
about 400-500° C. for a period of time within the range of
about 4-24 hours, and preferably between about 4-10 hours.
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The incorporation of the larger 1ons 1nto the glass strength-
ens the ion-exchanged glass substrate 102' by creating a
compressive stress 1n a near surface region. A corresponding
tensile stress 1s induced within a central region of the
ion-exchanged glass substrate 102' to balance the compres-
s1ve stress. Assuming a sodium-based glass composition and
a salt bath of KNO,, the sodium i1ons within the raw glass
substrate 102 may be replaced by larger potassium 1ons from
the molten salt bath to produce the 1on-exchanged glass
substrate 102'.

The replacement of smaller ions by larger ions at a
temperature below that at which the glass network can relax
produces a distribution of ions across the surface of the
ion-exchanged glass substrate 102' that results 1n the afore-
mentioned stress profile. The larger volume of the incoming
ion produces a compressive stress (CS) on the surface and
tension (central tension, or CT) 1n the center region of the
ion-exchanged glass substrate 102'. The compressive stress
1s related to the central tension by the following relationship:

t—2D0OL
CS = CT( ]

DOL

where t 1s the total thickness of the glass substrate 102 and
DOL 1s the depth of layer of the 10n exchange, also referred
to as depth of compressive layer. The depth of compressive
layer will 1n some cases be greater than about 15 microns,
and 1n some cases greater than 20 microns.

There are a number of options to the artisan concerning,
the particular cations available for the 10n exchange process.
For example, alkali metals are viable sources of cations for
the 1on exchange process. Alkali metals are chemical ele-
ments found 1n Group 1 of the periodic table, and specifi-
cally include: lithrum (L1), sodium (Na), potassium (K),
rubidium (RB), cesium (Cs), and francium (Fr). Although
not technically an alkali metal, thallilum (T1) 1s another
viable source of cations for the i1on exchange process.
Thalllum tends to oxidize to the +3 and +1 oxidation states
as 1onic salts—and the +3 state resembles that of boron,
aluminum, gallium, and indium. However, the +1 state of
thalllum oxidation invokes the chemistry of the alkali met-
als.

Partial Coating Technique

As noted above, one technique for increasing resistance to
sharp contact failures involves partially coating one of the
surfaces 110, 112, preferably the outer surface 112, of the
glass substrate 102. Notably, a coating 104 1s applied over a
limited area of the outer major surtace 112 of the glass
substrate 102 to produce a composite structure. The limited
area 1s less than a total area of the outer major surface 112,
such that the coating 104 may operate to mitigate damage
from dynamic sharp impact, yet also mitigate any reduction
in the flexural strength of the glass substrate 102 from the
coating 104 1itself.

The technique mvolves applying the coating 104 only to
certain areas of the glass substrate 102, such as only to edge
areas and/or corner arcas of the glass substrate 102 (where
the probability of sharp contact i1s relatively high) and
leaving a relatively large central area of the outer surface of
the glass substrate 102 uncoated. The coating may be
transparent, plastically deformable, and/or ultra-hard, where

the specific properties of the coating 104 will be discussed
in more detail below.
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Partial Coating Area Definition

As concerns the particular area(s) 1n which the coating
104 1s applied, reference 1s made to FIG. 4, which 1s a
schematic 1llustration of the glass substrate 102 that has been
partially coated in accordance with one or more embodi-
ments herein. The coating 104 may be applied to one or
more partial areas, such as one or more edge areas 122
and/or one or more corner arcas 124 on the outer major
surface 112 of the glass substrate 102.

In one or more embodiments, each of the edge areas 122
may be defined by a respective partial edge area on the major
surface 112 of the glass substrate 102 spanning between the
peripheral edge 112-1 and one or more predetermined dis-
tances D1, inward from such peripheral edge 112-1, toward
a central region 102-1 of the major surface 112 of the glass
substrate 102. For example, a first partial edge area 122-1
may be defined on the outer major surface 112 of the glass
substrate 102, extending longitudinally along a segment of
the peripheral edge 112-1 that 1s adjacent to the relatively
short lateral edge surface 114-1, and extending width-wise
from the peripheral edge 112-1 towards the central region
102-1 of the outer major surface 112. As noted above, the
width-wise extension of the first partial edge area 122-1 may
be a predetermined distance D1. By way of further example,
a second partial edge area 122-2 may be defined on the outer
major surface 112 of the glass substrate 102, extending
longitudinally along another segment of the peripheral edge
112-1 that 1s adjacent to the relatively long lateral edge
surface 114-2, and extending width-wise from the peripheral
edge 112-1 towards the central region 102-1 of the outer
major surface 112. Again, the width-wise extension of the
second partial edge area 122-2 may be a predetermined
distance D2. Similarly, a third partial edge area 122-3 may
extend longitudinally along still another segment of the
peripheral edge 112-1 that 1s adjacent to the relatively short
lateral edge surface 114-3, and extend width-wise from the
peripheral edge 112-1 towards the central region 102-1 of
the outer major surface 112 (where the width-wise extension
may be a predetermined distance D3). Finally, a fourth
partial edge area 122-4 may extend longitudinally along still
another segment of the peripheral edge 112-1 that 1s adjacent
to the other relatively long lateral edge surface 114-4, and
extend width-wise from the peripheral edge 112-1 towards
the central region 102-1 of the outer major surface 112
(where the width-wise extension may be a predetermined
distance D4).

Additionally and/or alternatively, each of the corner areas
124 may be defined by a respective partial corner area on the
major surface 112 of the glass substrate 102 extending
peripherally and/or adjacent to one of the respective corner
surfaces 116 and spanning between the peripheral edge
112-1 and a predetermined distance Ci, inward from such
peripheral edge 112-1, toward the central region 102-1 of the
outer major surtace 112 of the glass substrate 102.

For example, a first partial cormer area 124-1 may be
defined on the outer major surface 112 of the glass substrate
102, extending peripherally along a segment of the periph-
eral edge 112-1 that 1s adjacent to the first corner surface
116-1, and extending width-wise from the peripheral edge
112-1 towards the central region 102-1 of the outer major
surface 112. As noted above, the width-wise extension of the
first partial cormer area 124-1 may be a predetermined
distance C1. By way of further example, a second partial
corner area 124-2 may be defined on the outer major surface
112 of the glass substrate 102, extending peripherally along
another segment of the peripheral edge 112-1 that 1s adjacent
to the second corner surface 116-2, and extending width-
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wise Ifrom the peripheral edge 112-1 towards the central
region 102-1 of the outer major surface 112 (e.g., where the
width-wise extension 1s a predetermined distance C2). Simi-
larly, a third partial corner area 124-3 may extend periph-
crally along yet another segment of the peripheral edge
112-1 that 1s adjacent to the third corner surface 116-3, and
extend width-wise towards the central region 102-1 by a
predetermined distance C3. Finally, a fourth partial corner
area 124-4 may extend peripherally along yet another seg-

ment of the peripheral edge 112-1 that 1s adjacent to the
fourth corner surface 116-4, and extend width-wise towards

the central region 102-1 by a predetermined distance C4.

As noted above, any number of the individual partial edge
arcas 122-1, 122-2, 122-3, 122-4, may be coated with

coating arcas 104-1, 104-2, 104-3, 104-4, respectively, (or
not coated) depending on design considerations. Addition-
ally and/or alternatively, any number of the individual partial

corner arcas 124-1, 124-2, 124-3, 124-4, may be coated (or

not coated) depending on design considerations. Further, the
width-wise distances D1, D2, D3, D4 of the respective
individual partial edge areas 122i, and/or the centrally
directed distances C1, C2, C3, C4 of the respective 1ndi-
vidual partial corner areas 124i, may be any number of
similar magnitudes or any number of differing magnitudes
depending on the particular geometry, dimensioning, and
application of the glass substrate 102.

It 1s preferred that the coated, limited area (represented by
a summation of coating material that may exist on each of
the partial area 122 and 124i) 1s substantially less than the
total area of the outer surface 112 of the glass substrate 102.
For example, no more than one of: (1) about 1 to 20 percent
of the total area of the outer major surface 112; (11) about 1
to 10 percent of the total area of the outer major surface 112;
(111) about 2 to 5 percent of the total area of the outer major
surface 112; and (1v) about 2 to 3 percent of the total area of
the outer major surface 112. This limitation on the coated
area 1s 1important 1n order to address the possibility that the
coating 104 improves the resistance to impact fractures of
the glass substrate 102 at the undue expense of reducing the
flexural strength of the glass substrate 102 at the
Thickness and Coating Application

As to the thickness of the coating 104, such thickness may
be attained via one layer or multiple layers, reaching one of:
(1) between about 10 nanometers to about 1000 micrometers;
(11) between about 100 nanometers to about 500 microm-
cters; (111) between about 1 micrometer to about 100

micrometers; and (1v) between about 10 micrometer to about
50 micrometers.

Reference 1s now made to FIG. 5, which 1s a schematic
view ol an uncoated glass substrate 102 being subject to a
coating process 1n order to form a partial coating 104 on one
of the major surfaces thereof. The aforementioned coating
thicknesses (and limited areas of application) may be
achieved by pre-treating the glass substrate 102 to receive
the coating 104, for example by cleaning, acid polishing
and/or otherwise treating the glass substrates 102 to remove
or reduce the adverse eflects of surface flaws. Any of the
known masking techniques may be employed to ensure that
the coating 104 1s applied only 1n desired areas 122, 124..
The coating 104 may be applied to the raw substrate 102 via
vapor deposition techniques, which may include sputtering,
plasma enhanced chemical vapor deposition (PECVD), or
clectron (E-beam) evaporation techniques. Those skilled 1n
the art will appreciate, however, that the particular mecha-
nism by which the coating 104 1s applied 1s not strictly
limited to the aforementioned techniques, but rather may be
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selected by the artisan 1n order to address the exigencies of
a particular product application or manufacturing goal.

In one or more alternative embodiments, an intermediate
coating (not shown) may be disposed between the glass
substrate 102 and the coating 104.

Plastically Deformable Coating

In accordance with one or more embodiments, the coating,
104 may be formed from a plastically deformable material
exhibiting a spring-like response to the dynamic sharp
impact to the outer major surface 112 of the glass substrate
102.

By way of example, when the coating 104 1s formed from
a plastically deformable material, including one or more of
Polymethylmethacrylate (PMMA), Polycarbonate (PC),
cycloolefin polymer (COP) and copolymer (COC) known as
Zeonex and Topas, Polyethylene terephthalate (PET), Poly-
cthylene naphthalate (PEN), Polystyrene, Acrylic, Silicon,
Polyurethane elastomer, Polyvinyl Butyral (PVB), Poly
Vinyl Chloride (PVC), Thermoplastic Elastomer (TPE) such
as Styrene Block Copolymer, where the one or more mate-
rials listed above have a Modulus ranging from about 1 MPa
to about 10 GPa.

Additionally and/or alternatively, when the coating 104 1s
formed from a plastically deformable matenal, the coating
104 preferably exhibits a modulus of one of: (1) less than
about 1 GPa; (11) less than about 5 GPa; (111) less than about
10 GPa; (1v) less than about 30 GPa; and (v) less than about
50 GPa.

The spring-like properties of the coating 104 may be
characterized by the dynamics of an impact. For example,
when the glass substrate 102 hits a rough surface at a certain
speed, the plastic deformable material of the coating 104
responds like a spring. The contact force between the glass
substrate 102 and the rough surface 1s directly related to the
probability of glass failure due to sharp indentation. Assum-
ing that the mass of the device 10 1s m, the velocity at the
moment of impact is v, the spring constant of the coating 104
1s k, and the maximum spring compression 1s X, then the
energy conservation equation of the system 1s

mvt  kx* ; m
T Ty MEATVN K

Theretfore, plastic deformable springs (k) result in larger
spring compression, and the device 10 would have to travel
a longer distance to come to a full stop (as compared with
no spring-like dynamics). In other words, the device 10
experiences a lower deceleration (as compared with no
spring-like dynamics). According to Newton’s second law
force F=ma, lower acceleration (or deceleration), a, results
in a lower force, F, which 1s the reaction force between the
glass substrate 102 and the rough surface at impact. Con-
sequently, employing a plastically deformable material 1n
the coating 104 will reduce the probability of damage to the
glass substrate 102 due to sharp impact indentation.
Ultra-Hard Coating

In accordance with one or more further embodiments, the
coating 104 may be formed from an ultra-hard material 1n
order to increase the harness of the outer major surface 112
of the glass substrate 102.

Application of an ultra-hard coating 104 to the glass
substrate would be directed to improving the hardness of the
glass substrate 102, which would increase the resistance to
fracture from sharp impact indentation. For example, a raw
Gonlla® glass substrate 102 typically has a hardness of
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about 7 GPa, however, a higher hardness to resist fracture
may be on the order of at least about 10 GPa, or alternatively
at least 15 GPa and higher. As noted above, the higher
hardness may be obtained by applying a coating 104 to the
raw glass substrate 102.

For example, when the coating 104 1s formed from an
ultra-hard material, the coating 104 preferably exhibits a
hardness of one of: (1) at least about 8 GPa; (11) at least about
10 GPa; (111) at least about 14 GPa; (1v) at least about 18
GPa; (v) at least about 22 GPa; and (v1) at least about 30
GPa.

Additionally and/or alternatively, when the coating 104 1s
formed from an ultra-hard material, the coating 104 includes
one or more of: silicon nitrides, silicon oxy-nitrides, silicon
carbides, silicon oxy-carbides, aluminum nitrides, alumi-
num oxy-nitrides (AION), aluminum carbides, aluminum
oxy-carbides, aluminum oxides, diamond-like carbon,
nanocrystalline diamond, oxides, and mdium tin oxide
(ITO). Further examples of materials for the coating 104
may include one or more of MgAl,O,, CaAl,O,, nearby
compositions of MgAL, O, , MgAlL,O, Mg  Al,, O,
and/or Ca;_,Al,, .04 .. S10.C, S10,CN_, Al AlN,
AIN O, Al,O;, ALO,/S10,, BC, BN, DLC, Graphene,
S1ICN_, SiN_, S10,, S1C, SnO,,, Sn0,/S10,, Ta;N., TiC, TiN,
T10,, and/or ZrO,.

Glass Partitioning Technique

As noted above, another technique for addressing sharp
contact failures involves providing one or more mechanisms
to partition the glass substrate 102 1n one or more strategic
locations 1n order to 1solate fracturing, mitigate crack propa-
gation, and/or prevent fracturing of the central region 102-1
of the glass substrate 102. Due to the geometry of many
devices 10, the corners of the glass substrate 102 are regions
in which sharp impact failures are likely to initiate. Thus,
strategic location of partitioning mechanisms relative to the
corners of the glass substrate 102 may result 1n preventing
the propagation of cracks that initiate proximate to the
corners into the central region 102-1, and therefore improve-
ment 1n the drop characteristics of the device 10 from the
user’s perspective.

In this regard, reference 1s made to FIG. 6, which 1s a
schematic 1llustration of a glass substrate 102 that includes
one or more 1solation mechanisms 130 for mitigating crack
propagation after initiation of a sharp impact failure. Each
1solation mechanism operates to at least one of: (1) interrupt
crack propagation resulting from a dynamic sharp impact to
the outer major surface 112 of the glass substrate 102
originating at or near the corner 118, (11) direct the crack
propagation toward (e.g., laterally) one or more adjacent
edge surfaces 114, and/or (111) mitigate crack propagation
across the isolation mechanism 130 from the corner 118
toward the central region 102-1 of the glass substrate 102.

(Given that the 1solation mechanisms 130 interrupt, redi-
rect, and/or mitigate certain crack propagation dynamics,
they may be though of as mechanisms that provide “discon-
tinuities”, at least with respect to crack propagation. In this
regard, a discontinuity may be achieved by providing one or
more of: a trench, notch, indentation, recess, score, undercut,
glass strength modification, residual stress modification, etc.
within the volume of the glass substrate 102. The disconti-
nuity may be elongate and extend at least partially through

a thickness of the glass substrate 102.

For example, with reference to FIG. 7, the elongate
discontinuity 130 may extend completely through the thick-
ness of the glass substrate 102 between the mner and outer
major surfaces 110, 112 thereot, thereby separating the glass
substrate 102 1nto respective portions. Alternatively, with
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reference to FIG. 8, the elongate discontinuity 130 may
extend only partially through the thickness of the glass
substrate 102, preferably separating the inner major surface
110 and extending toward, but not through to, the outer
major surface 112. In either case, even 1f the device 10 1s
dropped and a sharp impact failure mitiates at, for example,
the corner 118 of the glass substrate 102, the discontinuity
(e.g., partitioning) would result in the arrest of any crack
propagation toward and/or into the central region 102-1 of
the glass substrate 102.

More specifically, a first elongate discontinuity 130-1 may
be disposed adjacent to a first corner 118-1 of the glass
substrate 102. By way of further detail (and further
example), the first elongate discontinuity 130-1 may have a
proximal end 132-1 and a distal end 134-1. The proximal
end 132-1 may be located at, or at least adjacent to, the first
edge surface 114-1. The distal end 134-1 may be located at,
or at least adjacent to, the second edge surface 114-2, which
1s adjacent to the first edge surface 114-1. Thus, the first
clongate discontinuity 130-1 is disposed 1n proximity to (or
in spaced relation to) the first corner 118-1 (and the first
corner surface 116-1) of the glass substrate 102. Therefore,
the first 1solation mechamsm 130-1 may interrupt crack
propagation resulting from a dynamic sharp impact to the
outer major surface 112 of the glass substrate 102 originat-
ing at or near the first corner 118-1, such as originating
between the peripheral edge 112-1 and the first elongate
discontinuity 130-1. Additionally and/or alternatively, the
first 1solation mechanism 130-1 may direct the crack propa-
gation toward at least one of the first and second adjacent
edge surfaces 114-1, 114-2, and/or mitigate crack propaga-
tion across the first elongate discontinuity 130-1 toward the
central region 102-1 of the glass substrate 102.

Alternatively, a second elongate discontinuity 130-2 may
be disposed adjacent to (or 1in proximity to, or in spaced
relation to) a second corner 118-2 (and the second corner
surface 116-2) of the glass substrate 102. For example, the
second elongate discontinuity 130-2 may have a proximal
end 132-2 located at, or at least adjacent to, the second edge
surface 114-2, and a distal end 134-2 located at, or at least
adjacent to, the third edge surface 114-3. A turther alterna-
tive may involve a third elongate discontinuity 130-3 dis-
posed adjacent to (or 1n proximity to, or 1n spaced relation
to) a third corner 118-3 (and the third corner surface 116-3)
of the glass substrate 102. The third elongate discontinuity
130-3 may have a proximal end 132-3 located at, or at least
adjacent to, the third edge surface 114-3, and a distal end
134-3 located at, or at least adjacent to, the fourth edge
surface 114-4. Still further, a fourth elongate discontinuity
130-4 may be disposed adjacent to a fourth corner 118-4 of
the glass substrate 102, which includes a proximal end 132-4
located at, or adjacent to, the fourth edge surface 114-4, and
a distal end 134-4 located at, or adjacent to, the first edge
surface 114-1.

In the case of one or more elongate discontinuities 130-;
in the form of a trench, notch, indentation, recess, score,
undercut, etc., such void may be filled with an plastically
deformable (and/or transparent) material.

In addition, the glass substrate 102 of FIG. 6 may also
include the coating 104; on any number of the partial areas
122i, 124; discussed 1n previous embodiments.

Energy Absorbing Via Microspheres
Intermediate Layer on Backside of Cover Substrate

Another technique for addressing sharp contact failures
involves providing an energy absorbing intermediate layer
on a back side of the cover substrate 102. For example, with
reference to FIG. 9, a device body 200 (such as a smartphone
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or the like) includes the cover substrate 102 (such as a glass
substrate), which 1s similar to some of the configurations

discussed 1n one or more of the embodiments above. Nota-
bly, however, an energy absorbing intermediate layer 202
(which may also operate as an adhesive layer) 1s disposed
between the device body 200 and the cover substrate 102.
The mtermediate layer 202 operates to absorb a majority of
kinetic energy produced from a dynamic sharp impact by a
surface 12 (such as illustrated in FIG. 2) to the outer major
surface 112 of the cover substrate 102 and to thereby
mitigate damage to the cover substrate 102 and the device
body 200.

Given the configuration illustrated i FIG. 9, one can
consider the theoretical mechanisms that come to bear 1n
connection with the itermediate layer 202 absorbing the
kinetic energy produced from a dynamic sharp impact—
thereby reducing damage to the cover substrate 102. It 1s
observed that the kinetic energy that 1s generated through
conversion of the potential energy of the device at impact 1s
directly related to a probability of failure of the cover
substrate 102 (such as via cracking). Assuming the device
drops from a height (h), the kinetic energy of the device 1s
given by the following formula:

mv2

Exgp = Epg =mgh = -

where E.. 1s the kinetic energy of the device; E,. 1s the
potential energy of the device at height (h), m 1s the mass of
the device, v 1s the velocity at the moment of 1mpact, and g
1s the acceleration constant due to gravity.

When the cover substrate 102 impacts a surface 12 (such
as any ol a number of rough surfaces found 1n daily life) at
a given speed, the kinetic energy 1s focused on a small area
of contact of the cover substrate 102. Such focus, especially
sharp contact impact with the rough surface 12, may gen-
erate an enormous amount of pressure. An effective measure
for preventing excessive damage to the cover substrate 102
and/or the device body 200 during an impact 1s to at least
partially absorb forces generated by the momentum of the
device at impact. Currently, many devices are designed with
the cover substrate coupled to the device body 200 via an
adhesive, such as an optically clear adhesive (OCA). The
adhesive may be typically formed from elastomeric mate-
rials that have a relatively low Young’s modulus, such as in
the range of about 1-10 MPa. With such relatively low
Young’s modulus, the adhesive layer will tend to deform
immediately during an impact (resulting in very little elas-
tically stored strain energy in the adhesive), and therefor
little kinetic energy 1s absorbed by the adhesive. Thus, the
majority of the kinetic energy due to impact 1s focused on the
alorementioned small area of contact of the cover substrate
102 by the rough surface 12, which often results in cata-
strophic failure of the cover substrate 102 and/or other
sensitive elements of the device.

In accordance with certain energy absorbing features of
the intermediate layer 202 of FIG. 9, however, one may view
advantages thereof from a simple energy conservation view-
point, expressed as follows:

Epg :EKE_EEfssszared_ESE

where E ... 1s the kinetic energy available to cause damage
to the device, E.. 1s the kinetic energy of the device,
Epissiparea 18 the energy dissipated by certain materials

within the intermediate layer 202, and E . 1s the strain
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energy due to elastic deformation of any number of com-
ponents 1n of the device, which will be released back 1nto the
system after impact. Clearly, there 1s substantial advantage
in producing an intermediate layer 202 (such as via modified
properties ol the adhesive layer) that absorbs significant
levels of the kinetic energy of the device resulting from
impact, thereby leaving less energy available to cause dam-
age to the device.

In accordance with one or more embodiments of the
system 1llustrated 1n FIGS. 9, 10, 11, the energy absorbing
material of the intermediate layer 202 may be composed of
spheres 204 and/or spheres 206, which are bound together
via a polymeric binder, an elastomeric binder, and/or a resin.
Some notable and differing features of each of the spheres
204 and the spheres 206 will be discussed in more detail
below. Preferably, the spheres 204 and/or 206 are substan-
tially uniformly distributed throughout the binder or resin.
The spheres 204 and/or 206 are preferably substantially
spherically shaped, having diameters 1n the 10°s of microns,
for example, having a mean diameter between about 5-120
um. To some extent, the mean diameter of the spheres 204
and/or 206 will dictate the thickness of the intermediate
layer 202, which may vary from about 50 um to about 1000
um thick. The coating material of the intermediate layer 202
may be transparent 1n areas where transparency 1s required
or desired, and may be fully or partially opaque 1n areas
where full transparency i1s neither required nor desired.

The mtermediate later 202 containing the spheres 204
and/or spheres 206 responds as a sacrificial layer, such that
in the event of device impact by the rough surface 12, a
significant amount of the kinetic energy of the device will be
dissipated by crushing, compressing, and or otherwise
deforming the plurality of spheres 204 and/or spheres 206.
Theretfore, the amount of remaining kKinetic energy available
to cause damage to the device 1s reduced.

In the embodiment of FIG. 10, the spheres 204 may be
characterized as hollow and crushable, such as being formed
from a rigid, but crushable, material, such as glass, ceramic,
and/or glass ceramic hollow spheres. Thus, the intermediate
later 202 containing the crushable, hollow spheres 204
responds as a sacrificial layer, such that in the event of
device impact by a rough surface 12, a significant amount of
the kinetic energy of the device will be dissipated by
crushing the hollow, crushable spheres 204.

In one or more embodiments, the intermediate layer 202
may include the hollow, crushable spheres 204 1n a poly-
meric binder, where a volume fraction of the hollow, crush-
able spheres 204 1s between about 235-75% of a total volume
of the hollow, crushable spheres 204 and the polymeric
binder. Additionally and/or alternatively, the combination
may include one or more of: a mean diameter of the hollow,
crushable spheres 204 being between about 5-120 um; a
crush strength of the hollow, crushable spheres 204 being
between about 2 MPa-200 MPa; a thickness of the interme-
diate layer 202 being between about 50-1000 um; and the
hollow, crushable spheres 204 being formed from glass,
ceramic, and/or glass-ceramic material.

A method of forming the aforementioned intermediate
layer 202 contaiming the hollow, crushable spheres 204 may
include: (1) preparing a substantially uniformly mixed solu-
tion of the atorementioned proportions of hollow, crushable
spheres 204 (e.g., silicate glass hollow microspheres) and a
liquid resin, such as 3M™ Printable Liquid Optically Clear
Adhesive 1088; (2) coating or screen printing the mixture on
suitable portions of the cover substrate 102 (e.g., edges,
corners, and/or the aforementioned other limited areas of the
cover substrate 102 but applied to the mner major surface
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110 instead of the outer major surtace 112 thereol); (3)
placing the cover substrate 102 and mixture in contact with
the device body 200 (such as a frame of the device); and (4)
curing the liquid OCA. Due to the elasticity of the polymeric
bonding material, the intermediate layer 202 will maintain
its original shape even after deformation of the spheres 204
embedded therein.

In one or more further embodiments, the intermediate
layer 202 may include compressible, hollow spheres 204
(1instead of the hollow, crushable spheres 204) in a resin.
Thus, the intermediate later 202 containing the compress-
ible, hollow spheres 204" responds as a sacrificial layer, such
that in the event of device impact by a rough surface 12, a
significant amount of the kinetic energy of the device will be
dissipated by compressing the compressible, hollow spheres
204'. By way of example, such a configuration may include
a volume fraction of the compressible, hollow spheres 204'
ol between about 25-90% of a total volume of the com-
pressible, hollow spheres 204' and the resin. Additionally
and/or alternatively, the combination may include one or
more of: a mean diameter of the compressible, hollow
spheres 204" being between about 20-120 um; and a thick-
ness of the mtermediate layer 202 being between about
50-1000 um.

A method of forming the aforementioned intermediate
layer 202 containing the compressible, hollow spheres 204'
may include: (1) preparing a substantially umiformly mixed
solution of the aforementioned proportions compressible,
hollow microspheres (such as AkzoNobel Expancel micro-
spheres) and a liquid OCA resin (such as 3M™ Printable
Liquid Optically Clear Adhesive 1088); (2) coating or screen
printing the mixture on suitable portions of the cover sub-
strate 102 (e.g., edges, corners, and/or the aforementioned
other limited areas of the cover substrate 102 but applied to
the mner major surface 110 instead of the outer major
surface 112 thereot); (3) placing the cover substrate 102 and
mixture 1n contact with the device body 200 (such as a frame
of the device); and (4) curing the liquid OCA. Due to the
relatively high resiliency of Expancel microspheres, the
intermediate layer 202 may withstand several cycles of
loading/unloading without breaking.

In one or more further embodiments, the intermediate
layer 202 may include compressible, solid spheres 206 1n a
binder as 1illustrated 1n FIG. 11. Thus, in this configuration,
the intermediate later 202 responds as a sacrificial layer,
such that 1n the event of device impact by the rough surface
12, a significant amount of the kinetic energy of the device
will be dissipated by compressing the compressible, solid
spheres 206. By way of example, such a configuration may
include a volume fraction of the compressible solid spheres
206 being between about 25-75% of a total volume of the
compressible solid spheres 206 and the binder. Additionally
and/or alternatively, the combination may include one or
more of: a mean diameter of the compressible solid spheres
206 being between about 10-1000 um; a thickness of the
intermediate layer 202 being between about 50-1000 um;
and the compressible solid spheres 206 being formed from
one or more of polyethylene, polystyrene, and polymethyl-
methacrylate.

With retference to FIG. 12, and 1n accordance with one or
more further embodiments, the aforementioned spheres 204
and/or spheres 206 bound 1n the polymeric binder, elasto-
meric binder, and/or resin may provide an energy absorbing
layer (or coating) 210 on the outer major surface 112 of the
cover substrate 102. Notably, the atorementioned interme-
diate layer 202 or a standard adhesive layer 212 may be
disposed between the device body 200 and the cover sub-
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strate 102. The energy absorbing coating 210 operates to
absorb a majority of kinetic energy produced from a
dynamic sharp impact by the surface 12 to the outer major
surface 112 of the cover substrate 102, specifically to the
coating 210, and to thereby mitigate damage to the cover
substrate 102 and the device body 200. In accordance with
these embodiments, the energy absorbing coating 210 may
be applied over the aforementioned limited area of the outer
major surtace 112 of the cover substrate 102 to produce a
composite structure. Therefore, all of the various features
and alternatives of the previous embodiments concerming the
characteristics of the limited area, the characteristics of the
spheres 204, 206, and/or the characteristics of the polymeric
binder, elastomeric binder, and/or resin may be applied to
the embodiments contemplated with reference to FIG. 12.

With retference to FIG. 13, and 1n accordance with one or
more further embodiments, another type of energy absorb-
ing layer (or coating) 220 may be applied on the outer major
surface 112 of the cover substrate 102. The energy absorbing
coating 220 includes a rough outer surface having a rough-
ness that 1s substantially similar to a roughness of the surface
12. Notably, the aforementioned intermediate layer 202 or a
standard adhesive layer 212 may be disposed between the
device body 200 and the cover substrate 102. By virtue of
the similarities of roughness between the coating 220 and
the surface 12, at least the energy absorbing coating 220
operates to absorb a majority of kinetic energy produced
from a dynamic sharp impact by the surface 12 to the outer
major surface 112 of the cover substrate 102, specifically to
the coating 220, and to thereby mitigate damage to the cover
substrate 102 and the device body 200. In accordance with
these embodiments, the energy absorbing coating 220 may
be applied over the aforementioned limited area of the outer
major surtace 112 of the cover substrate 102 to produce a
composite structure. Therefore, all of the various features
and alternatives of the previous embodiments concerming the
characteristics of the limited area may be applied to the
embodiments contemplated with reference to FIG. 13.

Although the disclosure herein has been described with
reference to particular embodiments, 1t 1s to be understood
that these embodiments are merely illustrative of the prin-
ciples and applications of the embodiments herein. It 1s
therefore to be understood that numerous modifications may
be made to the illustrative embodiments and that other
arrangements may be devised without departing from the
spirit and scope of the present application.

What 1s claimed 1s:

1. An article, comprising;:

a substrate having inner and outer major surfaces spaced
apart from one another, a plurality of edge surfaces
spanming between respective peripheral edges of the
inner and outer major surfaces, and a plurality of corner
surfaces spanning between the respective peripheral
edges of the inner and outer major surfaces and
between adjacent ones of the edge surfaces; and

a first elongate discontinuity having a proximal end and a
distal end, the proximal end being located at, or adja-
cent to, a first of the plurality of edge surfaces, and the
distal end being located at, or adjacent to, a second of
the plurality of edge surfaces, adjacent to the first of the
plurality of edge surfaces, such that the first elongate
discontinuity 1s disposed 1n proximity to a first of the
corner surfaces of the substrate,

wherein the first elongate discontinuity 1s filled with a
plastically deformable material, and the first elongate
discontinuity operates to: (1) mterrupt crack propaga-
tion resulting from a dynamic sharp impact to the outer
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major surface of the substrate originating between the
peripheral edge and the first elongate discontinuity, (11)
direct the crack propagation toward at least one of the
first and second edge surfaces, and (111) mitigate crack
propagation across the first elongate discontinuity
toward a central region of the outer major surface of the
substrate,

wherein the first elongate discontinuity extends com-
pletely through a thickness of the substrate between the
iner and outer major surfaces thereotf, thereby sepa-
rating the substrate.

2. The article of claim 1, wherein the substrate 1s an 10n

exchanged glass.

3. The article of claim 1, further comprising a second
clongate discontinuity having a proximal end and a distal
end, the proximal end being located at, or adjacent to, a third
of the plurality of edge surfaces, and the distal end being
located at, or adjacent to, a fourth of the plurality of edge
surfaces, adjacent to the third of the plurality of edge
surfaces, such that the second elongate discontinuity 1s
disposed 1n proximity to a second of the corner surfaces of
the substrate.

4. The article of claim 3, further comprising a third
clongate discontinuity having a proximal end and a distal
end, the proximal end being located at, or adjacent to, the
second of the plurality of edge surfaces, and the distal end
being located at, or adjacent to, the third of the plurality of
edge surfaces, adjacent to the second of the plurality of edge
surfaces, such that the third elongate discontinuity 1s dis-
posed 1 proximity to a third of the comer surfaces of the
substrate.

5. The article of claim 4, further comprising a fourth
clongate discontinuity having a proximal end and a distal
end, the proximal end being located at, or adjacent to, the
fourth of the plurality of edge surfaces, and the distal end
being located at, or adjacent to, the first of the plurality of
edge surfaces, adjacent to the fourth of the plurality of edge
surfaces, such that the fourth elongate discontinuity 1s dis-
posed 1n proximity to a fourth of the corner surfaces of the
substrate.

6. The article of claim 1, wherein at the substrate 1s
formed from one or more of crystalline material, single
crystal matenal, and glass ceramic matenial.

7. The article of claim 1, wherein the plastically deform-
able material 1s transparent.

8. The article of claim 1, wherein the plastically deform-
able material exhibits a Young’s modulus of less than about
50 GPa.

9. The article of claim 1, wherein the plastically deform-
able material exhibits a Young’s modulus of less than about
1 GPa.

10. The article of claim 1, wherein the plastically deform-
able material exhibits a Young’s modulus ranging from
about 1 MPa to about 10 GPa.

11. The article of claim 1, wherein the plastically deform-
able material includes one or more of Polymethylmethacry-
late (PMMA), Polycarbonate (PC), cycloolefin polymer
(COP), cycloolefin copolymer (COC), Polyethylene
terephthalate (PET), Polyethylene naphthaiate (PEN), Poly-
styrene, Acrylic, Silicon, Polyurethane elastomer, Polyvinyl
Butyral (PVB), Poly Vinyl Chlonde (PVC), Thermoplastic
Elastomer (TPE), and Styrene Block Copolymer.

12. An article, comprising:

a substrate having inner and outer, major surfaces spaced
apart from one another, a plurality of edge surfaces
spanning between respective peripheral edges of the
inner and outer major surfaces, and a plurality of corner
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surfaces spanning between the respective peripheral
edges of the inner and outer major surfaces and
between adjacent ones of the edge surfaces; and

a first elongate discontinuity having a proximal end and a
distal end, the proximal end being located at, or adja-
cent to, a first of the plurality of edge surfaces, and the
distal end being located at, or adjacent to, a second of
the plurality of edge surfaces, adjacent to the first of the
plurality of edge surfaces, such that the first elongate
discontinuity 1s disposed 1n proximity to a first of the
corner surfaces of the substrate,

wherein the first elongate discontinuity extends com-
pletely through a thickness of the substrate between the
inner and outer major surfaces thereol, thereby sepa-
rating the substrate, and the first elongate discontinuity
operates to: (1) interrupt crack propagation resulting
from a dynamic sharp impact to the outer major surface
of the substrate originating between the peripheral edge
and the first elongate discontinuity, (11) direct the crack
propagation toward at least one of the first and second
edge surfaces, and (111) mitigate crack propagation
across the first elongate discontinuity toward a central
region ol the outer major surface of the substrate.

13. The article of claim 12, further comprising a second

clongate discontinuity having a proximal end and a distal
end, the proximal end being located at, or adjacent to, a third
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of the plurality of edge surfaces, and the distal end being
located at, or adjacent to, a fourth of the plurality of edge
surfaces, adjacent to the third of the plurality of edge
surfaces, such that the second elongate discontinuity 1s
disposed 1n proximity to a second of the corner surfaces of
the substrate.

14. The article of claim 13, further comprising a third
clongate discontinuity having a proximal end and a distal
end, the proximal end being located at, or adjacent to, the
second of the plurality of edge surfaces, and the distal end
being located at, or adjacent to, the third of the plurality of
edge surfaces, adjacent to the second of the plurality of edge
surfaces, such that the third elongate discontinuity is dis-
posed i proximity to a third of the corner surfaces of the
substrate.

15. The article of claim 14, further comprising a fourth
clongate discontinuity having a proximal end and a distal
end, the proximal end being located at, or adjacent to, the
fourth of the plurality of edge surfaces, and the distal end
being located at, or adjacent to, the first of the plurality of
edge surfaces, adjacent to the fourth of the plurality of edge
surfaces, such that the fourth elongate discontinuity 1s dis-
posed 1n proximity to a fourth of the corner surfaces of the
substrate.
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